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(57) ABSTRACT

A thin-film transistor including an insulative substrate, a
gate electrode formed on the insulative substrate, a gate
insulating layer formed on the substrate and the gate elec-
trode, a source electrode and a drain electrode forming on
the gate insulating layer and spaced from each other, a
semiconductor layer formed on the gate insulating layer and
connected to the source electrode and the drain electrode, a
semiconductor protective layer formed on the semiconduc-
tor layer, an interlayer insulating film formed on the source
clectrode, the drain electrode and the semiconductor protec-
tive layer, the interlayer msulating film including a fluorine
compound, and an upper electrode formed on the interlayer
insulating film.
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THIN-FILM TRANSISTOR, METHOD FOR
PRODUCING THIN-FILM TRANSISTOR AND
IMAGE DISPLAY APPARATUS USING
THIN-FILM TRANSISTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application 1s a continuation of International

Application No. PCT/JP2016/001460, filed Mar. 15, 2016,
which 1s based upon and claims the benefits of prionty to
Japanese Application No. 2015-062853, filed Mar. 25, 2015.
The entire contents of these applications are incorporated
herein by reference.
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BACKGROUND OF THE INVENTION

Field of the Invention

20
The present invention relates to thin-film transistors,

methods for producing the same, and 1image display appa-
ratuses using a thin-film transistor.

Discussion of the Background o

Thin-film transistors are widely used for display devices
and a variety of sensors of liquid crystal displays (LCD),
organic electroluminescence (EL) displays, and electronic
paper displays (EPD). 30

As semiconductor materials for use in the thin-film tran-
sistors, those using amorphous silicon, polycrystalline sili-
con, or oxide semiconductor are mainly used. In general, the
thin-11lm transistors using these semiconductor materials are
manufactured by performing film formation by vacuum film 35
formation, followed by patterning by photolithography or
the like.

In recent years, organic thin-film transistors using organic
materials have been attracting attention as a semiconductor
material. The organic semiconductor materials have a low 40
mobility compared with the conventional silicon-based
maternials and oxide-based matenals. Consequently, 1t has
been diflicult to manufacture high-performance thin-film
transistors. However, organic materials have high degree of
freedom 1n design of material molecules. Due to recent 45
developments 1n technology, many organic thin-film tran-
sistors having mobility exceeding that of amorphous silicon
have been reported.

In manufacturing of organic thin-film transistors, a wet
film formation method in which the solution of semicon- 50
ductor material, conductive material, insulative material and
the like are applied and printed can be used. The wet film
formation method 1s expected to enable fabrication of
devices on a plastic substrate at low temperature and manu-
facturing of devices at low cost. In particular, a printing 55
method, which performs film formation and patterning at the
same time, 1s favorable in high material use efliciency, low
environmental load due to lack of requirement for resist
pattern forming, etching and removing steps, and the like
compared with a vacuum film formation process using the 60
conventional photolithography.

As the organic semiconductor maternals, aromatic com-
pounds of multiply fused ring systems and m-electron poly-
mer materials are typically used. However, these materials
are susceptible to moisture and oxygen 1n air and have low 65
chemical resistance compared with silicon or oxide semi-
conductors. Therefore, semiconductor characteristics tend to

2

be deteriorated when affected by processes after manufac-
turing of the semiconductor layer and chemicals.

In order to prevent such deterioration 1n characteristics of
organic semiconductor material, a technique of forming a
fluorine resin layer on the organic semiconductor layer is
known (NPL 1). In the configuration in which a fluorine
resin layer 1s formed on the organic semiconductor layer, the
fluorine resin 1s used for forming a gate insulating film when
the thin-film transistor has a top gate structure, and the
fluorine resin 1s used for a semiconductor protective layer
when the thin-film transistor has a bottom gate structure.

Further, since the fluorine resin surface has extremely
high water repellency and o1l repellency, it 1s diflicult to
provide another resin material on the fluorine resin layer.
Accordingly, a technique of providing an adhesive layer on
the fluorine resin layer, and providing another resin layer on
the adhesive layer 1s known (PTL 1).

PTL 1: JP 5458669
NPL 1: Janos Veres, Stmon Ogier, Giles Lloyd, and Dago de

Leeuw, “Gate Insulators 1n Organic Field-Effect Transis-

tors,” Chemistry of Materials, ACS Publications, Volume

16, Issue 23, Year 2004, pp 4543-4555

SUMMARY OF THE INVENTION

According to an aspect of the present invention, a thin-
film transistor includes an insulative substrate, a gate elec-
trode formed on the insulative substrate, a gate nsulating
layer formed on the substrate and the gate electrode, a source
clectrode and a drain electrode formed on the gate insulating
layer and spaced from each other, a semiconductor layer
formed on the gate insulating layer and connected to the
source electrode and the drain electrode, a semiconductor
protective layer formed on the semiconductor layer, an
interlayer mnsulating film formed on the source electrode, the
drain electrode and the semiconductor protective layer, the
interlayer insulating film including a fluorine compound,
and an upper electrode formed on the interlayer insulating
f1lm.

According to another aspect of the present invention, a
method of producing a thin-film transistor imncludes forming
a gate electrode on an insulative substrate, forming a gate
insulating layer on the substrate and the gate electrode,
forming a source electrode and a drain electrode on the gate
insulating layer such that the source electrode and the drain
clectrode are spaced from each other, forming a semicon-
ductor layer on the gate isulating layer such that the
semiconductor layer 1s connected to the source electrode and
the drain electrode, forming a semiconductor protective
layer on the semiconductor layer, forming an interlayer
insulating film including a fluorine compound on the source
clectrode, the drain electrode and the semiconductor protec-
tive layer, and forming an upper electrode on the interlayer
insulating film. The forming of the interlayer insulating film
includes applying an insulative resin material solution

including a fluorine compound on the source electrode, the
drain electrode and the semiconductor protective layer.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete appreciation of the invention and many
of the attendant advantages thereof will be readily obtained
as the same becomes better understood by reference to the
following detailed description when considered in connec-
tion with the accompanying drawings, wherein:
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FIG. 1 1s a schematic cross-sectional view of a thin-film
transistor according to an embodiment of the present
embodiment.

DESCRIPTION OF TH.

L1l

EMBODIMENTS

The embodiments will now be described with reference to
the accompanying drawings, wherein like reference numer-
als designate corresponding or identical elements through-
out the various drawings.

With reference to the drawings, an embodiment of the
present mvention will be described.

FIG. 1 1s a schematic cross-sectional view of a thin-film
transistor 100 according to the present embodiment.

The thin-film transistor 100 at least includes an msulative
substrate 1, a gate electrode 2 formed on the substrate 1, a
gate isulating layer 3 formed on the substrate 1 and the gate
electrode 2, a source electrode 4 and a drain electrode 5
tformed on the gate msulating layer 3 to be spaced from each
other, a semiconductor layer 6 formed between the source
clectrode 4 and the drain electrode 5 on the gate insulating
layer 3 and connected to the source electrode 4 and the drain
clectrode 3, a semiconductor protective layer 7 formed on
the semiconductor layer 6 to protect the semiconductor layer
6, an interlayer insulating film 8 formed on the source
electrode 4, the drain electrode 5 and the semiconductor
protective layer 7 to 1solate an upper electrode 9 from the
source electrode 4, and the upper electrode 9 formed on the
interlayer insulating film 8 and connected to the drain
clectrode 5 via an openming 1n the mterlayer isulating film 8.

The components of the thin-film transistor 100 will be
described below.

Materials of the substrate 1 include, but are not limited to,
polycarbonate, polyethylene sulfide, polyethersulione, poly-
cthylene  terephthalate,  polyethylene  naphthalate,
cycloolefin polymer, triacetylcellulose, polyvinyl fluoride
f1lm, ethylene-tetrafluoroethylene copolymer resin, weather-
resistant polyethylene terephthalate, weather-resistant poly-
propylene, glass fiber reinforced acryl resin film, glass fiber
reinforced polycarbonate, polyimide, fluorine resin, cyclic
polyolefin resin, glass, and quartz glass. They may be used
singly or 1n combination of two or more.

When the substrate 1 1s an organic film, a gas barrier layer
(not shown) may also be formed in order to improve
durability of the thin-film transistor 100. Examples of the
gas barrier layer include, but are not limited to, aluminum
oxide (Al,O,), silicon oxide (S10), silicon nitride (SiN),
silicon oxynitride (S10ON), silicon carbide (S1C), and dia-
mond like carbon (DLC). Further, these gas barrier layers
may be used as a laminate of two or more layers. The gas
barrier layer may be formed on only one side or both sides
of the substrate 1 that uses an organic film. The gas barrier
layer may be formed by using vacuum vapor deposition, 1on
plating, sputtering, laser ablation, plasma CVD (chemical
vapor deposition), hot wire CVD, sol-gel method or the like,
but not limited thereto.

For the gate electrode 2, the source electrode 4 and the
drain electrode S, there 1s no need of explicitly distinguish-
ing the electrode portion and the wire portion. In particular,
as the components of the thin-film transistor 100, the elec-
trodes described herein each contain the wire portion.

Materials of the gate electrode 2 include, but are not
limited to, metal materials such as aluminum (Al), copper
(Cu), molybdenum (Mo), silver (Ag), chromium (Cr), tita-
nium (11), gold (Au), platinum (Pt), tungsten (W) and
manganese (Mn), conductive metal oxide materials such as
indium oxide (InO), tin oxide (SnO), zinc oxide (ZnO),
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indium tin oxide (ITO) and indium zinc oxide (IZ0), and
conductive polymers such as poly(ethylenedioxythiophene)/
polystyrene sulfonate (PEDOT/PSS) and polyaniline. These
materials may be used as a single layer, or as a laminate or
alloy thereof.

The gate electrode 2 may be formed by vacuum {ilm

formation methods such as vacuum vapor deposition and
sputtering, or wet film formation methods using precursors
or nanoparticles of conductive materials, for example, 1nk
jetting, relief printing, planographic printing, intaglio print-
ing, and screen printing, but not limited thereto. The pat-
terning can be performed, for example, by a photolithogra-
phy method in which a pattern forming portion 1s protected
by a resist or the like and an unnecessary portion 1s removed
by etching, or by a printing method that directly performs
patterning, but not limited thereto. Other well-known pat-
terning methods may be used as well.
The gate msulating layer 3 1s formed to cover at least the
gate electrode 2 except for a connecting section between the
gate electrode 2 and other electrode and a connecting section
between the gate electrode 2 and an external device.

Materials of the gate insulating layer 3 include, but are not
limited to, oxide-based insulative materials such as silicon
oxide (S10x), aluminum oxide (AlOx), tantalum oxide
(TaOx), yvttrium oxide (YOx), zircontum oxide (ZrOx) and
hatnium oxide (H1Ox), silicon nitride (SiNXx), silicon oxyni-
tride (S10N), polvacrylate such as polymethylmethacrylate
(PMMA), resin material such as polyvinyl alcohol (PVA)
and polyvinyl phenol (PVP), and organic/inorganic hybrd
resin such as polysilsesquioxane (PSQ). These may be used
as a single layer or a laminate of two or more layers, or
alternatively, with graded compositions 1 a growth direc-
tion.

The gate msulating layer 3 preferably has a resistivity of
not less than 10'" Qcm, and more preferably not less than
10'* Qcm in order to reduce a gate leakage current of the
thin-film transistor.

The gate msulating layer 3 may be formed by vacuum film
formation methods such as vacuum vapor deposition, 1on
plating, sputtering, laser ablation, plasma CVD, optical
CVD and hot wire CVD, or wet film formation methods
such as spin coating, die coating and screen printing depend-
ing on the matenals as appropriate.

Materials of the source electrode 4 and the drain electrode
5 include metal materials such as aluminum (Al), copper
(Cu), silver (Ag), gold (Au) and platinum (Pt), and conduc-
tive metal oxide materials such as indium oxide (InO), tin
oxide (SnO), zinc oxide (Zn0O), imndium tin oxide (ITO) and
indium zinc oxide (IZ0). These materials may be used as a
single layer, or as a laminate or alloy thereof.

The source electrode 4 and the drain electrode 5 may be
preferably formed by using wet film formation methods
using precursors or nanoparticles of conductive materials.
For example, ik jetting, relief printing, planographic print-
ing, intaglio printing and screen printing may be used. The
patterning can be performed, for example, by a photolithog-
raphy method 1n which a pattern forming portion 1s pro-
tected by a resist or the like and an unnecessary portion 1s
removed by etching, or by a printing method that directly
performs patterning, but not limited thereto.

For the source electrode 4 and the drain electrode 5, the
clectrode surface can be processed with a surface treatment.
Applying a surface treatment on the surfaces of the source
clectrode 4 and the drain electrode 5 allows for control of a
work function of the electrode surface and improvement of
a charge 1njection efliciency to the semiconductor layer 6
and between the source electrode 4 and the drain electrode




US 10,312,375 B2

S

5 to thereby improve element characteristics of the thin-film
transistor. The surface treatment 1s preferably performed by
a self-assembled monolayer (SAM) method in which a
surface treatment material 1s chemically reacted with the
source electrode 4 and the drain electrode 3.

In the SAM treatment on the source electrode 4 and the
drain electrode 5, an organic molecule having a fluorine
group 1s particularly preferred since it increases the work
tfunction of the electrode, which 1s effective for improvement
in element characteristics.

Materials for the semiconductor layer 6 include, but are
not limited to, low molecular organic semiconductor mate-
rials such as pentacene, tetracene, phthalocyanine, perylene,
thiophene, benzothiophene, anthradithiophene and deriva-
tives thereof, carbon compounds such as fullerene and
carbon nanotube, and high molecular organic semiconductor
materials such as polythiophene, polyallylamine, fluorine
bithiophene copolymer and derivatives thereof.

The semiconductor layer 6 may be preferably formed by
using a wet {ilm formation method which uses a solution or
a paste of dissolved and dispersed semiconductor materials.
Examples of the method include ink jetting, relief printing,
planographic printing, intaglio printing and screen printing,
but not limited thereto. Other well-known patterning meth-
ods may be used as well.

The semiconductor protective layer 7 1s used to protect
the semiconductor layer 6. The semiconductor protective
layer 7 1s required to cover at least a region that overlaps a
channel portion of the semiconductor layer 6.

Materials of the semiconductor protective layer 7 include
inorganic materials such as silicon oxide, aluminum oxide,
tantalum oxide, yttrium oxide, hatnmium oxide, hainium
aluminate, zircontum oxide and titanium oxide, or mnsulating
materials such as polyacrylate such as PMMA (polymeth-
ylmethacrylate), PVA (polyvinyl alcohol), PVP (polyvinyl-
phenol) and fluorine resin. In particular, the fluorine resin 1s
preferably used since 1t does not damage the organic semi-
conductor material when formed on the immediately on the
semiconductor layer.

The material of the semiconductor protective layer 7
preferably has a resistivity of not less than 10" Qcm, and
more preferably not less than 10'* €cm in order to reduce
a leakage current of the thin-film transistor.

The semiconductor protective layer 7 1s formed by using
vacuum film formation methods such as vacuum vapor
deposition, 1on plating, sputtering, laser ablation, plasma
CVD, optical CVD and hot wire CVD, or wet film formation
methods such as spin coating, die coating, relief printing and
screen printing depending on the materials as appropriate.
The semiconductor protective layer 7 may be formed as a
single layer or as a laminate of two or more layers. Alter-
natively, the compositions thereolf may be graded in a
growth direction.

Materials of the mterlayer msulating film 8 include 1nsu-
lative resin materials. Examples of the matenal include, but
are not limited to, polyacrylate such as PMMA, PVA, PVP,
cycloolefin polymer, epoxy resin, and organic/inorganic
hybrid resin such as polysilsesquioxane (PSQ).

The interlayer msulating film 8 contains a fluorine com-
pound. The fluorine compound may be, for example, fluo-
rine-containing polymer such as fluorine-containing acryl
resin, fluorine-containing polyimide, fluorine-containing,
cther polymer and fluorine-containing cyclic ether polymer,
fluorine-containing surfactant such as fluorine-containing
hydrophilic group-containing oligomer, fluorine-containing,
lipophilic group-containing oligomer, fluorine-containing
hydrophilic and lipophilic group-containing oligomer, per-
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fluoroethylene oxide addition, perfluoroalkyl group-contain-
ing phosphoric acid ester, perfluoroalkyl group-containing
phosphoric acid ester amine neutralized compound and
fluorine-containing hydrophilic and lipophilic group car-
boxyl group-containing oligomer, or the like.

Further, the fluorine compound contained 1n the interlayer
insulating film 8 may be a UV-reactive or thermal reactive
compound, and the interlayer insulating film 8 may be bound
to the fluorine compound by a UV reaction or thermal
reaction. When the fluorine compound contained in the
interlayer msulating {ilm 8 1s a fluorine-contaiming surfactant
and the surfactant has cationic, anionic or amphoteric 10nic-
ity, it may be left as a fixed charge 1n the interlayer insulating
film of the thin-film transistor. Therefore, a non-ionic sur-
factant 1s preferably used. The fluorine compound 1n the
interlayer msulating film 8 may be uniformly dispersed 1n
the film, or the fluorine group may be oriented on the
surtace.

The fluorine compound i1s contained in the interlayer
insulating film 8 to the extent that it does not aflect the
curability of the resin material of the interlayer insulating
film 8 and electric properties of the film, as well as a forming
process of the upper electrode 9 formed on the interlayer
insulating film 8. The concentration can be approprately
modified depending on the fluorine compound contained.
When the concentration of the fluorine compound contained
1s low, the surface tension of the interlayer insulating film
material cannot be lowered, which disturbs the interlayer
insulating {ilm material from exhibiting a suflicient eflect.
On the other hand, when the concentration of the fluorine
contained 1s high, 1t significantly aflects the curability of the
resin. In this embodiment, the concentration to the resin 1s
preferably 1n the range of 0.05 weight percent or more and
10 weight percent or less, although depending on the
selected components of the interlayer msulating film 8.

The interlayer insulating film 8 can be formed by applying
an insulative resin material solution which contains a fluo-
rine compound by using a wet film formation method such
as spin coating, die coating, relief printing or screen printing
depending on the material as appropriate. The interlayer
insulating film 8 may be formed as a single layer or as a
laminate of two or more layers. However, in view of the
number of processes and cost reduction, a single layer 1s
preferred.

The material of the interlayer imnsulating film 8 preferably
has a resistivity of not less than 10'" Qcm, and more
preferably not less than 10™* Qcm in order to reduce a
leakage current of the thin-film transistor 100. Further, when
a dielectric constant of the interlayer insulating film 8 1is
high, there 1s a risk that a capacitance induced by the upper
clectrode 9 aflects the characteristics of the thin-film tran-
sistor. Therefore, 1n order to reduce the above effect, the
interlayer insulating film 8 preferably has a relative dielec-
tric constant of 4 or less.

The mterlayer insulating film 8 has a low surface tension
of the material solution even on the semiconductor protec-
tive layer 7, the gate insulating layer 3, which have a high
liquid-repellency, the source electrode 4 and the drain elec-
trode 5 having a surface treatment with a fluorine-based
material, since the interlayer insulating film 8 contains a
fluorine compound. Accordingly, a good coating ability can
be obtained on the high liquid-repellent surfaces of the
layers that constitute the organic thin-film transistor without
using an adhesive layer, and the interlayer insulating film 8
can be uniformly applied and formed without causing repel-
ling of liquid and non-umiform film thickness.
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In particular, when the semiconductor protective layer 7
made of a fluorine resin and the source electrode 4 and the

drain electrode 5 having a surface treatment with fluorine
compound are used, it 1s diflicult to apply the interlayer
insulating film on these layers since they have high liquid-
repellency. However, use of the interlayer insulating film 8
containing a fluorine compound enables a good film forma-
tion, thereby achieving a prominent effect.

The upper electrode 9 1s formed connected to the drain
clectrode 5. The upper electrode 9 and the drain electrode 5
may be connected via a through hole formed 1n the interlayer
insulating film 8 for electrical conduction, or a bump (pro-
trusion) formed on the drain electrode 5 for electrical
conduction, which may be selected as appropriate depending
on the desired element shape.

Materials of the upper electrode 9 include, but are not
limited to, metal materials such as aluminum (Al), copper
(Cu), molybdenum (Mo), silver (Ag), chromium (Cr), tita-
nium (11), gold (Au), platinum (Pt), tungsten (W) and
manganese (Mn), conductive metal oxide materials such as
indium oxide (InO), tin oxide (SnO), zinc oxide (ZnO),
indium tin oxide (ITO) and indium zinc oxide (I1Z0), and
conductive polymers such as poly(ethylenedioxythiophene)/
polystyrene sulfonate (PEDOT/PSS) and polyaniline. These
materials may be used as a single layer, or as a laminate or
alloy thereof.

The upper electrode 9 may be formed by vacuum film
formation methods such as vacuum vapor deposition and
sputtering, or wet film formation methods that use a con-
ductive paste or the like containing precursors or nanopar-
ticles of a conductive maternial or particles of a metal
material dispersed 1n a resin or solution, for example, ink
jetting, relief printing, planographic printing, intaglio print-
ing, and screen printing, but not limited thereto. The pat-
terming can be performed, for example, by a photolithogra-
phy method in which a pattern forming portion 1s protected
by a resist or the like and an unnecessary portion 1s removed
by etching, or by a printing method that directly performs
patterning, but not limited thereto. Other well-known pat-
terming methods may be used as well. However, 1n order to
reduce the number of processes, a printing method that can
directly form a pattern 1s preferably used.

Production of the thin-film transistor 100 may use a
method including the steps of, for example, forming the gate
clectrode on the msulative substrate, forming the gate 1nsu-
lating layer on the substrate and the gate electrode, forming
the source electrode and the drain electrode spaced from
cach other on the gate msulating layer, forming the semi-
conductor layer connected to the source electrode and the
drain electrode on the gate insulating layer, forming the
semiconductor protective layer on the semiconductor layer,
forming the mterlayer insulating film which contains a
fluorine compound on the source electrode, the drain elec-
trode and the semiconductor protective layer, and forming
the upper electrode on the interlayer insulating film.

Example

As a thin-film transistor according to Example, the thin-
f1lm transistor 100 shown 1n FIG. 1 was manufactured by the
tollowing procedure.

A non-alkal1 glass with a thickness of 0.7 mm was used
as the nsulative substrate 1. The ink 1n which silver nano-
particles were dispersed was applied in a desired shape on
the glass substrate by using an 1nk jet method, and baked at
200° C. for one hour to form the gate electrode 2 and a
capacitor electrode.
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Then, an acrylic resin was applied on the gate electrode 2
by using a die coating method, and baked at 230° C. to form

the gate mnsulating layer 3 with a film thickness of 1 um.

After that, the mmk 1 which silver nanoparticles were
dispersed was applied to form a pattern shape of the source
clectrode 4 and the drain electrode 5 by using an 1nk jet
method, and baked at 200° C. for one hour to form the
source electrode 4 and the drain electrode 5. The thickness
ol the source electrode 4 and the drain electrode 5 was 100
nm.

As a surface treatment of the source electrode 4 and the
drain electrode 5, the substrate was immersed for 30 minutes
in a solution in which pentafluorobenzenethiol 1s adjusted at
a concentration of 10 mM 1n 1sopropyl alcohol. To remove
extra pentafluorothiophenol, the substrate was cleaned with
1sopropyl alcohol and then dried.

Subsequently, the semiconductor ink 1 which 6,13-bis
(triisopropyl silylethynyl) pentacene was dissolved 1n tetra-
lin at a concentration of 2 wt % was applied by a tlexog-
raphic printing method, and dried at 100° C. to form the
semiconductor layer 6.

Further, a fluorine resin was applied on the semiconductor
layer 6 by a flexographic printing method, and dried at 100°
C. to form the semiconductor protective layer 7.

As a matenal of the interlayer insulating film 8 formed on
the semiconductor protective layer 7, a negative-type pho-
tosensitive acrylic resin material which contains non-ionic
fluorine-containing surfactant at a concentration of 0.1%
was used and applied by a die coating method. After drying,
a photomask of a desired shape was used for light exposure,
and an unnecessary resin material was removed by devel-
opment to thereby form a desired pattern shape. After that,
baking was performed at 150° C. to form the terlayer
insulating film 8.

A silver paste was printed 1n a desired shape on the
interlayer msulating film 8 by a screen printing method, and
dried at 100° C. to form the upper electrode 9.

The thin-film transistor 100 was manufactured by the
above steps. In the manufacturing process of the thin-film
transistor 100 according to Example, the material of the
interlayer insulating film 8 was not repelled on the semi-
conductor protective layer 7 having high liquid repellency
and could be applied thereon since the interlayer imsulating
film 8 contained a fluorine compound. As a result, the
thin-film transistor 100 that exhibited good characteristics
was formed.

Comparative Example

A thin-film transistor according to Comparative Example
was manuiactured by the following procedure.

A non-alkali glass with a thickness of 0.7 mm was used
as the msulative substrate 1. The ink 1n which silver nano-
particles were dispersed was applied 1n a desired shape on
the glass substrate by using an 1nk jet method, and baked at
200° C. for one hour to form the gate electrode 2 and a
capacitor electrode.

Then, an acrylic resin was applied on the gate electrode 2
by using a die coating method, and baked at 230° C. to form
the gate mnsulating layer 3 with a film thickness of 1 um.

After that, the mk 1 which silver nanoparticles were
dispersed was applied to form a pattern shape of the source
clectrode 4 and the drain electrode 5 by using an 1nk jet
method, and baked at 200° C. for one hour to form the
source electrode 4 and the drain electrode 5. The thickness
ol the source electrode 4 and the drain electrode 5 was 100
nm.
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As a surface treatment of the source electrode 4 and the
drain electrode 5, the substrate was immersed for 30 minutes
in 1sopropyl alcohol in which pentatluorobenzenethiol 1s
dissolved at a concentration of 10 mM. To remove extra
pentatluorothiophenol, the substrate was cleaned with 1so-
propyl alcohol and then dried.

Subsequently, the semiconductor ink in which 6,13-bis
(triisopropyl silylethynyl) pentacene was dissolved 1n tetra-
lin at a concentration of 2 wt % was applied by a tlexog-
raphic printing method, and dried at 100° C. to form the
semiconductor layer 6.

Further, a fluorine resin was applied on the semiconductor
layer 6 by a flexographic printing method, and dried at 100°
C. to form the semiconductor protective layer 7.

As a material of an interlayer insulating film formed on
the semiconductor protective layer 7, a negative-type pho-
tosensitive acrylic resin material was used and applied by a
die coating method. After drying, a photomask of a desired
shape was used for light exposure, and an unnecessary resin
material was removed by development to thereby form a
desired pattern shape. After that, baking was performed at
150° C. to form the interlayer insulating film.

A silver paste was printed in a desired shape on the
interlayer insulating film 8 by a screen printing method, and
dried at 100° C. to form the upper electrode 9.

A thin-film transistor was manufactured by the above
steps. In the manufacturing process of the thin-film transis-
tor according to Comparative Example, the material of the
interlayer msulating film 8 was repelled on the semiconduc-
tor protective layer 7 having high liquid repellency during
formation of the interlayer insulating film, and a uniform
interlayer msulating film 8 could not be formed.

As described above, according to the embodiments of the
present mvention, a thin-film transistor that exhibits good
characteristics without using an adhesive layer can be pro-
vided even 11 a high liquid-repellent matenal 1s used for the
layers of the organic thin-film transistor in a thin-film
transistor having layers formed by a wet film formation
method such as a printing method. The thus formed thin-film
transistor can be advantageously used for image display
devices and a variety of sensors of electronic paper displays
(EPD), liquad crystal displays (LCD) and organic electrolu-
minescence (EL) displays.

The present invention provides embodiments that are
useiul for thin-film transistors. The present invention also
provides embodiments that are useful for display devices
and a variety of sensors of electronic paper displays (EPD),
liquid crystal displays (LCD) and organic electrolumines-
cence (EL) displays, and particularly useful for organic
thin-film transistors 1n which a high liquid-repellent fluo-
rine-based material 1s advantageously used.

Providing a fluorine resin layer on the organic semicon-
ductor layer can prevent deterioration of the semiconductor
material and obtain good element characteristics. Moreover,
adopting the configuration having an adhesive layer on the
fluorine resin layer allows formation of a resin material
pattern on the fluorine resin layer that has high water
repellency and o1l repellency and form a thin-film transistor.

However, when the other resin material 1s formed atfter the
adhesive layer 1s formed on the fluorine resin layer, an
additional step of forming an adhesive layer 1s required. In
addition, as a technique of forming an adhesive layer on the
fluorine resin layer, a technique of forming an inorganic
material by a vacuum process 1s typically used, which
becomes a major factor of increase in cost.

In view of the above, an embodiment of the present
invention 1s a thin-film transistor that exhibits good charac-
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teristics without using an adhesive layer on the surface of a
high liquid-repellent layer even if the layers that constitute

the organic thin-film transistor 1s made of a high liquid-
repellent material in an organic semiconductor thin-film
transistor having layers formed by a wet film formation
method such as a printing method.

An aspect of the present invention 1s a thin-film transistor
including an insulative substrate; a gate electrode formed on
the msulative substrate; a gate insulating layer formed on the
substrate and the gate electrode; a source electrode and a
drain electrode formed on the gate insulating layer to be
spaced from each other; a semiconductor layer formed on
the gate insulating layer to be connected to the source
clectrode and the drain electrode; a semiconductor protec-
tive layer formed on the semiconductor layer; an interlayer
isulating film formed on the source electrode, the drain
clectrode and the semiconductor protective layer, the inter-
layer insulating film containing a fluorine compound; and an
upper electrode formed on the interlayer insulating film.

Further, the fluorine compound contained 1n the iterlayer
insulating film may be a fluorine group-containing surfac-
tant.

Further, the surfactant may be non-ionic.

Further, the interlayer insulating film may contain a
fluorine compound of a concentration 1 a range of 0.05
weilght percent or more and 10 weight percent or less.

Further, a relative dielectric constant of the interlayer
insulating film 1s 4 or less.

Further, the semiconductor protective layer may contain a
fluorine resin.

Further, a material of the semiconductor layer may be an
organic semiconductor.

Further, a surface of the source electrode and the drain
clectrode may have been surface-treated by a self-assembled
monolayer which contains fluorine.

Further, another aspect of the present invention 1s a
method of producing a thin-film transistor, comprising the
steps of: forming a gate electrode on an insulative substrate;
forming a gate insulating layer on the substrate and the gate
clectrode; forming a source electrode and a drain electrode
spaced from each other on the gate insulating layer; forming
a semiconductor layer connected to the source electrode and
the drain electrode on the gate insulating layer; forming a
semiconductor protective layer on the semiconductor layer;
forming an interlayer insulating film which contains a fluo-
rine compound on the source electrode, the drain electrode
and the semiconductor protective layer; and forming an
upper electrode on the interlayer insulating film, wherein in
the step of forming the interlayer msulating film, the inter-
layer insulating film 1s faulted by applying an insulative
resin material solution which contains a fluorine compound.

Further, another aspect of the present mvention 1s an
image display apparatus using the above thin-film transistor.

According to embodiments of the present invention, 1n a
thin-film transistor having layers formed by a wet film
formation method such as a printing method, a thin-film
transistor that exhibits good characteristics can be provided
without using an adhesive layer on the surface of a high
liquid-repellent layer even if the layers that constitute the
organic thin-film transistor are made of a high liquid-
repellent material.

REFERENCE SIGNS LIST

1 Substrate
2 Gate electrode
3 Gate insulating layer
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4 Source electrode

5 Drain electrode

6 Semiconductor layer

7 Semiconductor protective layer

8 Interlayer insulating film

9 Upper electrode

100 Thin-film transistor

Obviously, numerous modifications and vanations of the
present invention are possible in light of the above teach-
ings. It 1s therefore to be understood that within the scope of
the appended claims, the mmvention may be practiced other-
wise than as specifically described herein.

What 1s claimed 1s:

1. A thin-film transistor, comprising;:

an 1nsulative substrate;

a gate electrode formed on the insulative substrate;

a gate isulating layer formed on the substrate and the
gate electrode;

a source electrode and a drain electrode formed on the
gate msulating layer and spaced from each other;

a semiconductor layer formed on the gate insulating layer
such that the semiconductor layer 1s connected to the
source electrode and the drain electrode;

a semiconductor protective layer formed on the semicon-
ductor layer and comprising a fluorine resin;

an interlayer insulating film formed on the source elec-
trode, the drain electrode and the semiconductor pro-
tective layer and comprising an insulative resin mate-
rial and a non-ionic fluorine-containing surfactant such
that a concentration of the non-1onic fluorine-contain-
ing surfactant 1s 10 wt. % or less with respect to the
insulative resin material in the interlayer insulating
film; and

an upper electrode formed on the interlayer insulating film
such that the upper electrode 1s connected to the drain
clectrode via electrical conduction formed through the
interlayer isulating film.

2. The thin-film transistor of claim 1, wherein the 1nsu-
lative resin material of the interlayer mnsulating film 1s a
photosensitive acrylic resin material.

3. The thin-film transistor of claam 2, wherein the non-
ionic fluorine-containing surfactant 1s dispersed in the inter-
layer insulating film.

4. The thin-film transistor of claim 1, wherein the con-
centration of the non-1onic fluorine-containing surfactant in
the interlayer insulating film 1s 0.05 wt. % or more with
respect to the insulative resin material.

5. The thin-film transistor of claim 2, wherein the con-
centration of the non-1onic fluorine-containing surfactant in
the interlayer insulating film 1s 0.05 wt. % or more with
respect to the insulative resin material.

6. The thin-film transistor of claim 1, wherein the inter-
layer msulating film has a relative dielectric constant of 4 or
less.

7. The thin-film transistor of claim 2, wherein the inter-
layer msulating film has a relative dielectric constant of 4 or
less.

8. The thin-film transistor of claim 1, wherein the 1nsu-
lative resin material of the interlayer insulating film 1s
selected from the group consisting of polymethylmethacry-
late, polyvinyl alcohol, polyvinyl phenol, cycloolefin poly-
mer, epoxy resin and polysilsesquioxane.
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9. The thin-film transistor of claim 1, wherein the semi-
conductor layer comprises one of a low molecular organic
semiconductor material, a carbon compound, and a high
molecular organic semiconductor material.

10. The thin-film transistor of claim 2, wherein the
semiconductor layer comprises one of a low molecular
organic semiconductor material, a carbon compound, and a
high molecular organic semiconductor material.

11. The thin-film transistor of claim 1, wherein the upper
clectrode comprises at least one of a metal material, a
conductive metal oxide material, and a conductive polymer.

12. The thin-film transistor of claim 1, wherein the
semiconductor layer comprises an organic semiconductor.

13. The thin-film transistor of claim 2, wherein the
semiconductor layer comprises an organic semiconductor.

14. The thin-film transistor of claim 1, wherein each of the
source electrode and the drain electrode has a surface treated
by a self-assembled monolayer including fluorine.

15. The thin-film transistor of claim 2, wherein each of the
source electrode and the drain electrode has a surface treated
by a self-assembled monolayer including fluorine.

16. An 1mage display apparatus, comprising;:

the thin-film transistor of claim 1.

17. A method of producing a thin-film transistor, com-
prising:

forming a gate electrode on an insulative substrate;

forming a gate msulating layer on the substrate and the

gate electrode;
forming a source electrode and a drain electrode on the
gate msulating layer such that the source electrode and
the drain electrode are spaced from each other;

forming a semiconductor layer on the gate insulating layer
such that the semiconductor layer 1s connected to the
source electrode and the drain electrode;

forming a semiconductor protective layer comprising a

fluorine resin on the semiconductor layer;
forming an interlayer mnsulating film comprising an insu-
lative resin material and a non-1onic fluorine-contain-
ing surfactant on the source electrode, the drain elec-
trode and the semiconductor protective layer; and

forming an upper electrode on the interlayer insulating
film such that the upper electrode 1s connected to the
drain electrode wvia electrical conduction formed
through the interlayer insulating film,

wherein the forming of the interlayer insulating film

comprises applying an insulative resin material solu-
tion including the non-1onic fluorine-containing surfac-
tant on the source electrode, the drain electrode and the
semiconductor protective layer such that a concentra-
tion of the non-1onic fluorine-contaiming surfactant 1s
10 wt. % or less with respect to the insulative resin
material 1 the interlayer insulating film.

18. The method of claim 17, wherein the semiconductor
protective layer comprises a fluorine resin.

19. The method of claim 17, further comprising:

treating a surtface of the source electrode by a seli-

assembled monolayer including fluorine.

20. The method of claim 19, further comprising:

treating a surface of the drain electrode by a self-as-

sembled monolayer including fluorine.
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